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Introduction 

The assoc ia t ions  o f  major,  minor,  and t r a c e  elements i n  l i g n i t e - b e a r i n g  s t r a t a  o f  
t h e  F o r t  Union Region present  a cha l lenge i n  unders tand ing  t h e i r  geochemical 
r e l a t i o n s h i p s  and h i s t o r y .  I n  an e a r l i e r  work ( l ) ,  t h e  s p a t i a l  p a t t e r n s  o f  
e lemental  d i s t r i b u t i o n  w i t h i n  a l i g n i t e - b e a r i n g  sequence were examined and were 
r e l a t e d  t o  f a c t o r s  o f  accumula t ion  o f  vas t  amounts o f  p l a n t  m a t e r i a l s  and t o  t h e  
d e p o s i t i o n a l  and p o s t - d e p o s i t i o n a l  i n f l u x  o f  i n o r g a n i c  mat te r .  L i g n i t e - b e a r i n g  
sediments, i n c l u d i n g  t h e  l i g n i t e ,  l i g n i t e  overburden, and underc lay ,  were sampled 
f r o m  two beds, t h e  Kinneman Creek and t h e  Beulah-Zap, which a r e  p a r t  o f  t h e  Sent ine l  
B u t t e  Format ion o f  N o r t h  Dakota. These samples were examined t o  determine t h e  
s p a t i a l  p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  w i t h i n  t h e  l i g n i t e  seam, modes o f  
e lemental  occurrence, and o r g a n i c / i n o r g a n i c  a f f i n i t i e s  o f  t h e  i n o r g a n i c  
c o n s t i t u e n t s .  

The i n o r g a n i c  c o n s t i t u e n t s  w i t h i n  l i g n i t e s  f rom t h e  F o r t  Union Region have been 
c l a s s i f i e d  as be ing  v e r y  heterogeneous q), ,which leads  some i n v e s t i g a t o r s  t o  
b e l i e v e  t h a t  t h e  study o f  geochemical r e  a t i o n s h i p s  i s  f u t i l e .  The modes o f  
occurrences o f  t h e  elements a re  g e n e r a l l y  s i m i l a r  f rom one mine t o  another w i t h i n  
t h e  F o r t  Union Region l i g n i t e s  (2). The i n o r g a n i c  m a t t e r  i n  t h e  l i g n i t e s  i s  
d i s t r i b u t e d  as adsorbed i o n s  on t h e  organ ic  a c i d  groups, coord ina ted  species, 
d e t r i t a l  m inera ls ,  and a u t h i g e n i c  minera ls .  The d i s t r i b u t i o n  o f  elements i s  
determined by n a t u r a l  processes, and, t h e r e f o r e ,  i s  expected t o  be sys temat ic  even 
though complex. 

The methods t o  q u a l i t a t i v e l y  i d e n t i f y  t h e  i n t e r r e l a t i o n s h i p s  o f  major,  minor, 
and' t r a c e  elements i n c l u d e  examining t h e  s p a t i a l  p a t t e r n s  o f  d i s t r i b u t i o n  o f  
elements w i t h i n  a s t r a t i g r a p h i c  sequence ( l ) ,  c o n s i d e r a t i o n  o f  r e s u l t s  o f  chemical 
f r a c t i o n a t i o n  procedures e), and e v a l u a t i o n  o f  o r g a n i c / i n o r g a n i c  a f f i n i t i e s  $y. The s p a t i a l  p a t t e r n  o f  e lemental  d i s t r i b u t i o n  was c o r r e l a t e d  w i t h  the  
c emical  f r a c t i o n a t i o n  behav io r ,  o r g a n i c / i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l s  
of elements t o  i n f e r  t h e  a s s o c i a t i o n  o r  combinat ion o f  a s s o c i a t i o n s  an element may 
have w i t h i n  these coals.  

Methods and Procedures 

The samples were c o l l e c t e d  f rom f r e s h l y  exposed faces w i t h i n  open p i t  mines. The 
l i g n i t e ,  l i g n i t e  overburden, and underc lay  were c o l l e c t e d  f rom two p i t s  a t  the  
Beulah Mine where l i g n i t e  i s  mined f rom t h e  Beulah-Zap seam. Samples were a l s o  
c o l l e c t e d  f rom t h e  Kinneman Creek seam i n  t h e  Center mine. The sample c o l l e c t i o n  
procedures have been summarized by Karner ( 7 )  and Benson E). Bulk channel samples 
Were a l s o  c o l l e c t e d  and homogenized t o  p r o v i d e  l a r g e  q u a n t i t i e s  f o r  a d d i t i o n a l  
experiments. 

The l i g n i t e  samples c o l l e c t e d  a t  v a r i o u s  i n t e r v a l s  w i t h i n  t h e  s t r a t i g r a p h i c  
sequence were sub jec ted  t o  t h e  f o l l o w i n g  analyses: proximate,  u l t i m a t e ,  heat ing  
value, ash ana lys is ,  and t r a c e  element a n a l y s i s  by neut ron  a c t i v a t i o n  a n a l y s i s  (NAA) 
(9) and x-ray f luorescence (10). Minera ls  i n  t h e  c o a l  and t h e  assoc ia ted  sediments 
were determined by x - ray  n f f r a c t i o n  and by scanning e l e c t r o n  microscopy and 
e l e c t r o n  microprobe a n a l y s i s .  A s p l i t  f rom t h e  b u l k  sample was examined b y  chemical 

36 



f r a c t i o n a t i o n  t o  s e l e c t i v e l y  e x t r a c t  i n o r g a n i c  c o n s t i t u e n t s  based on how they  are  
bound i n  t h e  coa l .  B r i e f l y ,  t h e  chemical f r a c t i o n a t i o n  procedure i n v o l v e s  
e x t r a c t i n g  t h e  coal  w i t h  1M ammonium a c e t a t e  t o  remove s o l u b l e  and ion-exchangeable 
i n o r g a n i c  components. The c o a l  i s  subsequent ly e x t r a c t e d  w i t h  1 M  h y d r o c h l o r i c  a c i d  
t o  remove elements present as carbonates, oxides, o r  coord ina ted  species. The 
e x t r a c t s  and res idues  f rom t h e  chemical f r a c t i o n a t i o n  procedure are  analyzed by a 
combinat ion o f  NAA, XRF, i n d u c t i v e l y  coupled argon plasma ( I C A P ) ,  and atomic 
absorp t ion  spectroscopy ( A A ) .  

Results and D iscuss ion  

The major, minor,  and t r a c e  element de terminat ions  a long w i t h  l o c a t i o n s  w i t h i n  t h e  
seams and l i t h o l o g y  o f  t h e  s t r a t i g r a p h i c  sequence are  summarized i n  Tables I and I 1  
f o r  t h e  Beulah coals. The data f rom Center Mine s t r a t i g r a p h i c  sequence was 
summarized i n  a p rev ious  r e p o r t  by Karner and o t h e r s  (l). 

I n  prev ious  work (1 ) .  t h e  s p a t i a l  d i s t r i b u t i o n  o f  e lemental  c o n s t i t u e n t s  has 
been descr ibed as f i t t i T g  i n t o  several  p a t t e r n s :  1) c o n c e n t r a t i o n  a t  one o r  bo th  
margins, 2 )  even d i s t r i b u t i o n ,  and 3 )  r e g u l a r  p a t t e r n s .  The v a r i o u s  ways i n o r g a n i c  
c o n s t i t u e n t s  accumulated i n  t h e  l i g n i t e  d u r i n g  and a f t e r  d e p o s i t i o n  a f f e c t  where 
c e r t a i n  elements w i l l  concent ra te  w i t h i n  t h e  seam. The d e t r i t a l  c o n s t i t u e n t s  
c a r r i e d  i n  by wind and water  w i l l  most l i k e l y  be enr iched near t h e  margins of the  
coal  seam. Inc luded i n  t h i s  group o f  i n o r g a n i c  c o n s t i t u e n t s  a re  c l a y  minera ls ,  
quar tz ,  and v o l c a n i c  ash. S o l u t i o n s  c o n t a i n i n g  i o n s  f l o w i n g  th rough t h e  l i g n i t e  can 
exchange w i t h  t h e  coa l  m a t r i x  and p r e c i p i t a t e  as s t a b l e  a u t h i g e n i c  phases. 
I n o r g a n i c  c o n s t i t u e n t s  a re  a l s o  present  i n  t h e  o r i g i n a l  p l a n t  m a t e r i a l  t h a t  was 
deposi ted.  Even p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  are  c h a r a c t e r i s t i c  o f  
o r g a n i c a l l y  bound elements. I r r e g u l a r  d i s t r i b u t i o n  p a t t e r n s  are  c h a r a c t e r i s t i c  of 
concent ra ted  occurrences o f  a u t h i g e n i c  minera ls .  

Table I i n c l u d e s  da ta  f rom two seams w i t h i n  t h e  south  Beulah mine. Table I 1  
summarizes t h e  data f rom a high-sodium p i t  (Orange P i t )  o f  t h e  Beulah mine. The 
Center mine data used i n  t h i s  work was repor ted  by Karner and o t h e r s  E). 

I n  t h i s  study, t h e  s p a t i a l  p a t t e r n s  o f  enr ichment and d e p l e t i o n  o f  major, 
minor,  and t r a c e  elements have been expanded t o  i n c l u d e  f o u r  c a t e g o r i e s :  1) even 
d i s t r i b u t i o n ,  2 )  enr ichment a t  margins ( top ,  bottom, o r  bo th) ,  3 )  enr ichment a t  the  
center  o f  t h e  seam, and 4 )  i r r e g u l a r .  The p a t t e r n s  o f  enr ichment and d e p l e t i o n  are  
l i s t e d  i n  Table 111 f o r  Beulah and Center mine l i g n i t e  seams. 

The b u l k  c o a l s  were sub jec ted  t o  chemical f r a c t i o n a t i o n  a n a l y s i s  (3) which can 
be used t o  c a t e g o r i z e  how a p a r t i c u l a r  element i s  assoc ia ted  i n  t h e  coal .  The 
elemental  a s s o c i a t i o n s  w i t h i n  t h e  c o a l  were d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  1) i o n -  
exchangeable, 2,) ac id -so lub le ,  and 3 )  r e s i d u a l .  The elements a r e  a s s o c i a t e d  i n  t h e  
coa l  i n  one o r  more o f  t h e  groups descr ibed above. The c a t e g o r i e s  f o r  t h e  elements 
a re  l i s t e d  i n  Table 111. 

The organ ic  and i n o r g a n i c  a f f i n i t i e s  o f  elemental c o n s t i t u e n t s  have been 
determined by a number o f  i n v e s t i g a t o r s  (5.6). The r e l a t i o n s h i p  between the  
c o n c e n t r a t i o n  o f  an element i n  m o i s t u r e - f r e e  and t h e  ash conten t  can be used as 
a guide t o  t h e  a f f i n i t y  o f  t h a t  element f o r ,  o r  i n c o r p o r a t i o n  i n ,  t h e  minera l  m a t t e r  
o r  t h e  carbonaceous m a t e r i a l .  I f  t h e  c o n c e n t r a t i o n  o f  an element inc reases  w i t h  
i n c r e a s i n g  ash conten t  t h a t  element may be c h a r a c t e r i z e d  as b e i n g  assoc ia ted  w i t h  
t h e  i n o r g a n i c  species t h a t  fo rm ash, o r  i n  o t h e r  words may be s a i d  t o  have an 
i n o r g a n i c  a f f i n i t y .  I f  t h e  c o n c e n t r a t i o n  shows no c o r r e l a t i o n  w i t h  ash content,  
t h a t  element may be s a i d  t o  have an organ ic  a f f i n i t y .  L i n e a r  l e a s t  squares 
c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  t h e  concent ra t ions  o f  t h e  elements 
versus t h e  ash content.  F o r  example, o rgan ic  and i n o r g a n i c  a f f i n i t i e s  f o r  elements 
from t h e  Center mine i n d i c a t e  t h e  f o l l o w i n g  a f f i n i t i e s .  Seven elements - Na, Ca, 
Mn, Br, Sr, Y ,  and Ba - had c o r r e l a t i o n  c o e f f i c i e n t s  below 0.200 and t h u s  show 
o r g a n i c  a f f i n i t y  i n  t h i s  s u i t e  o f  samples. An a d d i t i o n a l  seven elements - Mg, K, 
CU, As, Rb, Ce, and Eu - had c o r r e l a t i o n  c o e f f i c i e n t s  rang ing  f rom 0.201 t o  0.600 
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and may be assoc ia ted  w i t h  b o t h  the  carbonaceous and m ine ra l  p o r t i o n s  o f  t h e  coal .  
The remain ing 24 elements show i n o r g a n i c  a f f i n i t y .  

The i o n i c  p o t e n t i a l s  o f  a l l  t he  elements, Z/ r ,  where Z i s  t h e  i o n i c  charge and 
r i s  t h e  i o n i c  rad ius,  are summarized i n  Table 111. The i o n i c  p o t e n t i a l s  o f  
elements have a l a r g e  e f f e c t  on the a s s o c i a t i o n  o f  t h e  element i n  m ine ra l - fo rm ing  
processes (13). Elements hav ing  low i o n i c  p o t e n t i a l  ( Z / r  <3), such as sodium, 
magnesium, E d  ca lc ium, a s s o c i a t e  as hydrated ca t i ons .  I n s o l z l e  hyd ro l ysa tes  have 
i o n i c  p o t e n t i a l  o f  3 < Z / r  < 12, which i nc lude ,  f o r  example, t h e  elements aluminum, 
s i l i c a ,  and t i t a n i u m .  

The elements d i s p l a y i n g  an even d i s t r i b u t i o n  w i t h i n  t h e  coal seams have the 
f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  ion-exchangeable, 2 )  o rgan ic  a f f i n i t y  or bo th  organic  
and ino rgan ic ,  and 3) i o n i c  p o t e n t i a l  l e s s  than 3. The elements t h a t  are i nc luded  
i n  t h i s  group a r e  Na, Mg, Ca, Mn, S r ,  and Ba. S l i g h t  v a r i a t i o n s  i n  d i s t r i b u t i o n  
p a t t e r n s  and chemical f r a c t i o n a t i o n  behavior  may be i n d i c a t e d ;  these g e n e r a l i z a t i o n s  
were made on t h e  bas i s  o f  average t rends.  The elements showing enrichment o f  the 
margins i n  t he  l i g n i t e  seams d i s p l a y  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical 
f r a c t i o n a t i o n  suggests a s s o c i a t i o n  w i t h  t h e  a c i d  s o l u b l e  and res idue  p o r t i o n s  o r ,  i n  
some cases, d i s t r i b u t i o n  i n  a l l  t h r e e  groups, 2 )  i n o r g a n i c  a f f i n i t y ,  and 3 )  i o n i c  
p o t e n t i a l  3 < Z / r  < 12. The elements t h a t  have these c h a r a c t e r i s t i c s  i n c l u d e  A l ,  
S i ,  C1, K, Sc, T i ,  V ,  C r ,  Co, Br ,  Zr, Ra, Cs, La, Ce, Sm, Eu, Yb, Th, and U. These 
elements are p r i m a r i l y  a s s o c i a t e d  w i t h  d e t r i t a l  c o n s t i t u e n t s .  The elements t h a t  
have a random o r  i r r e g u l a r  d i s t r i b u t i o n  w i t h i n  the  coal  seams, f o r  t h e  most p a r t ,  
have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical f r a c t i o n a t i o n  behavior  which 
suggests t h a t  t h e  elements are i n s o l u b l e  and remain i n  t h e  res idue,  2 )  i n o r g a n i c  
a f f i n i t y ,  and 3 )  f o r m a t i o n  by a u t h i g e n i c  m i n e r a l i z a t i o n .  The elements i nc luded  i n  
t h i s  group are Fe, N i ,  Zn, As, Se, Cd, and Sb. The i r r e g u l a r  d i s t r i b u t i o n  of these 
elements i s  t he  r e s u l t  o f  syngenet ic  and ep igene t i c  m i n e r a l i z a t i o n  i n  t h e  fo rma t ion  
of s u l f i d e s .  A l l  o f  t hese  elements have c h a l c o p h i l i c  c h a r a c t e r i s t i c s .  

The p o s s i b l e  a s s o c i a t i o n s  o f  t he  elements i nc luded  i n  t h i s  s tudy are g i ven  i n  
Table I V  which summarizes d i s t r i b u t i o n  pa t te rns ,  chemical f r a c t i o n a t i o n  behavior ,  
o rgan ic  and i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l .  
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I 

t a b l e  111. Q u a l i t a t i v e  Geochemlcal Relat ionshipr  Between Geochemical Proper t ies and Elemental D i s t r i b u t i o n  Y i t h i n  Seams 

Na 
n9 
A I  
s i  
P 
S 
c 1  
K 
Ca 
sc 
T i  
v 
C r  
M" 
Fe 
CO 
N i  
C" 
Zn 
Ge 
AS 
se 
Br 
Rb 
sr 
Y 
Zr 
R" 

2 
Sb 
CS 
ea 
La 
Ce 
sm 
E" 
Yb 
Th 
U 

D i s t r i b u t i o n  U i t h i n  L i g n i t e  Seams a t  t h e  Beulah nine 
Beulah Chemical 

Beulah Upper Lower F m c t i o n a t i m  
Orange P i t  Seam Seam Behavior A f f i n l t y  

E E 
E E 
r-tu HR 
1-HA IR 
w I R  
I R  I R  
E E 
E E 
E CE 
I HA 
1-HA IR 
E M 
M MA 
E 1-PA 
IR I R  
8-HA NO 
I R  E 
I R  E 
I R  w 
HI w 
IR IR 
CE I R  
8-HA MA 

E w 
I w 
1-MA w 
E E 
I R  w 
HI E 
I R  8 4 4  
r-w 8-n4 
E 1-HA 
8-HA I R  
8-MA IR 
M HR 
M HR 
I PA 
1-PA HR 
1444 HR 

m w 

Pat terns O f  D l s t r i b u t l m  

CE 
E 
B-HR 
E 
8-HA 
HA 
E 
E 
E 
PA 
8-PA 
8-WI 
8-HA 
T-MA 
8-PA 
ND 
HA 
8-PA 
M 
M 
I R  
8-PA 
CE 
M 
M 
M 
ND 
8-PA 

E 
8-HR 
8-HR 
T-MA 
PA 
8-MA 
E 
n4 
HA 
8-HR 
8-HR 

m 

IE Organic 
IE NC 
AS, RS Inorganic  
RS Inorganic  
w InDPgllniC 
RS.  IE organic 
w NC 
RS. AS Inorganic  
IE. As NC 
RS. AS NC 
RS Inorganic  
AS NC 
R S  I "0Pgd" lc  
AS,  I E  NC 
R S .  AS Inorganic  
AS, R S  Inorganic  
R S  inorganic 
ND lnOrgdniC 
R S  LnOrgdniC 
w w 
R S  Inorganic  
RS Inorganic  
m NC 
w No 
IE organic 
No No 
RS NO 
ND Inorganic 
w w 
RS NC 
RS Inorganic  

IE. AS NC 
RS Inorganic  

AS, R S  inorganic 
As. R S  Inorganic 
As, RS Inorganic 
AS, RS Inorganic  
AS. RS NC 
R S  Inorganic  
AS. R S  lnorganlc  

D i s t r i b u t i o n  W i t h i n  L i g n i t e  Seam at  t h e  Center nine 

P o t e n t i d l  
z/r 

Chemical Ion ic  
F r a c t i a n a t i m  

Behavior' Center 

E 
E 
MA 
HR 
I R  
PA 
8 4 4  
8-n4 
E 
PA 
8-HR 
8 4 4  
8-PA 
E 
HA 
HA 
PA 
8 4 4  
HA 
8-PA 
MA 
8-PA 
ND 
I R  
E 
I R  
HA 
8-HR 
MA 
I R  
8-HA 
8-HR 
HA 
8-HA 
PA 
HA 
PA 
PA 
PA 
PA 

- 
IE 
lE>>As 
AS. RS 
RS 
w 
RS. I E  
la 
I E .  AS. R S  
I E .  As 
As. R S  
RS 
AS. RS 
RS 
AS. I E  
AS 
As, R S  
R S  
R S  
w 
ND 
RS 
RS, I E  
w 
RS. AS 
I E  
w 
w 
NO 
w 
m 
AS. RS 
RS 
L E .  As 
AS. RS 
AS, RS 
AS 
As 

R S  
AS, R S  

'Cheml cal F r a c t i  onat 1 an Behavi or 

E - Even D i s t r i b u t i o n  
HA - E n r l r h m n t  a t  both margin 

7-M - Enrichnent a t  t o p  margin 
8-HA - Enrichment a t  battom m a r g i n  

CE - E n r i c h e n t  a t  t h e  center  o f  the seam 
IR - I r r e g u l a r  

10 - Not Determined 

I E  - Ion-exchangeable 
AS - Acid so lub le 
RS - Remains i n  t h e  res idue 
NC - No C o r r e l a t i o n  

A f  f i n !  t y  

Organlc 

Inorganic  
Inorganic  
Inorganic  
organic 
Inorganic  
Inorganic 
NC 
Inorganic  
Inorganic  
Inorganic 
Inorganic 
NC 
Inorganic  
Inorganic 
Inorganic  
I"0rgd"ic 
Inorganic  
w 
NC 
Inorganic  
0Pgd"lc 
M) 
Organic 
w 
Inorganic  
Inorganic  
Inorganic 

Inorganic  
Inorganic  
NC 
inorganic 
NC 
Inorganic  
NC 
Inorganic  
Inorganic 
Inorganic 

NC 

Inorganic  

1.0 
3.0 
5.9 
9.5 

14.1 
17.1 

0.13 
2.0 
3.7 
5.9 
4.0 
4.8 

2.516.7 
2.114.7 

0.68 
1.8 
3.4 
5.1 
6.0 

2.9 
3.1 
3.2 

3.9 
4.2 
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I 

I, 

T a b l e  I V .  A s s o c i a t i o n  o f  E l e m e n t s  i n  N o r t h  D a k o t a  L i g n i t e s  

E lement  

Na 
Mg 
A1 
S i  
P 

S 
c1 
K 

Ca 
s c  
T i  
V 
Cr 
Mn 
Fe 
c o  
N i  
Zn 
As 
Se 
B r  
Rb 
Sr 
Y 
Zr 
Ru 
Ag 
Cd 
Ba 
La  
Ce 
Sm 
Eu 
Yb 
Th 
U 

P o s s i b l e  A s s o c i a t i o n  

O r g a n i c a l  l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
C l a y  m i n e r a l s ,  p o s s i b l y  h y d r o x i d e  or c o o r d i n a t e d  
C l a y  m i n e r a l s ,  q u a r t z  
O r g a n i c a l l y  bound, phosphates* ,  a s s o c i a t e d  w i t h  r a r e  
e a r t h  e l e m e n t s  
S u l f i d e s ,  s u l f a t e s ,  o r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n  
A s s o c i a t e d  w i t h  i l l i t e  and o t h e r  k - b e a r i n g  m i n e r a l s ,  
o r g a n i c a l l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
I n o r g a n i c  a s s o c i a t i o n ,  c l a y  m i n e r a l s  
R u t i l e ,  a s s o c i a t e d  w i t h  q u a r t z  
P o s s i b l y  has  b o t h  an o r g a n i c  a n d  i n o r g a n i c  a s s o c i a t i o n  
T o t a l l y  an  i n o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound, c a r b o n a t e  m i n e r a l s  
O x i d e s ,  h y d r o x i d e s ,  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
May h a v e  an o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound 
O r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  c a r b o n a t e s  
Z i r c o n  
I n o r g a n i c  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
O r g a n i c ,  s u l f a t e s  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  

* M o n a z i t e  h a s  been f o u n d  i n  B e u l a h  l i g n i t e  samples  (12). 
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